Abstract: Small-seeded plant species are often reported to have high relative growth rate or RGR. However, because RGR declines as plants grow larger, small-seeded species could achieve higher RGR simply by virtue of their small size. In contrast, size-standardized growth rate or SGR factors out these size effects. Differences in SGR can thus only be due to differences in morphology, allocation, or physiology. We used nonlinear regression to calculate SGR for comparison with RGR for 10 groups of species spanning a wide range of life forms. We found that RGR was negatively correlated with seed mass in nearly all groups, but the relationship between SGR and seed mass was highly variable. We conclude that small-seeded species only sometimes possess additional adaptations for rapid growth over and above their general size advantage. Small-seeded species are often reported to have high relative growth rate or RGR. However, 2 because RGR declines as plants grow larger, small-seeded species could achieve higher RGR 3 simply by virtue of their small size. In contrast, size-standardized growth rate or SGR factors 4 out these size effects. Differences in SGR can thus only be due to differences in morphology, 5 allocation or physiology. We used non-linear regression to calculate SGR for comparison 6 with RGR for ten groups of species spanning a wide range of life-forms. We found that RGR 7 was negatively correlated with seed mass in nearly all groups, but the relationship between 8 SGR and seed mass was highly variable. We conclude that small-seeded species only 9 sometimes possess additional adaptations for rapid growth over and above their general size 10 advantage. 11 12
⁄ eqn 2 2 This leads to the simple conclusion that population growth rate ( ⁄ ) declines 3 with seed mass, and over a realistic range of seed masses the effects are substantial ( Figure  4 1B; although in reality other factors such as the scaling of f with plant size might reduce the 5 steepness of this relationship). Thus, species can increase their population growth rate both by 6 increasing β, but also by simply decreasing their seed size. Thus, seed size is no longer a 7 neutral trait because species producing small seeds have an enormous population growth rate 8 advantage in empty habitats even when all species follow the same growth curve (i.e. α and  9
are the same for all species). 10 Paradoxically, the RGR advantage accruing to small-seeded species means that they 11 can actually reduce  without losing their population growth rate advantage. For example, 12 we can re-run the simulation in Figure 1b but with  reduced by 5% for all species and see 13 that this reduction has a relatively small effect compared to the effect of changing seed mass. 14 Thus, in empty habitats, small-seeded species could maintain an RGR advantage over their 15 larger-seeded counterparts while still investing in physiological adaptations that are known to 16 be costly, such as frost tolerance (Agrawal et al. 2004) or herbivore defense (Bergelson and 17 Purrington 1996; Koricheva 2002) . Indeed, this investment may be more worthwhile for 18 small-seeded species as small size is often associated with high seedling mortality (Rees and 19 Venable 2007) . 20 We now leave the case of empty habitats and instead consider individuals competing 21 to capture vacant sites in a crowded environment; for example, tree seedlings competing for 22 forest gaps (Dalling and Hubbell 2002) . If a pioneer wants to win the race to the canopy, then 23 it must be able to overtake and overtop its competitor; hence it must grow faster at a common 24 size. We call this size-standardized measure of RGR, SGR, and have found it to be a betterpredictor of the short-term outcome of competition in crowded environments than RGR (e.g. 1 Fakheran et al. 2010) . Hence, we might expect that pioneer species from competitive 2 environments might have small seeds and high SGR, while those from open environments 3 might have small seeds and low SGR. 4 Turnbull et al. 2008a showed that the relationship between RGR and seed size within 5 a group of sand-dune annuals was negative while the relationship between SGR and seed size 6 was positive. To investigate whether these two different growth metrics generally have 7 different relationships with seed size, we here compare these relationships using ten different 8 data sets each containing multiple species and incorporating a wide range of life-history 9 strategies. We also investigate whether differences in the slopes of these relationships within 10 studies can be explained by differences in life-form, co-occurrence or life-span which might 11 reflect the different selection pressures experienced by different groups of species in different 12 habitats. time. SGR can be calculated at any size or simply plotted as a function of size; however, we 25 used the average size halfway through the experiment to get a value of SGR that iscomparable to conventional RGR (which is also an average). The reference size obviously 1 differs among studies, in keeping with the range of life-forms represented. Another advantage 2 of choosing the average size halfway through each study is that, within a given study, all 3 species occurred at the reference size during the lifetime of the experiments. Thus, we can 4 calculate, for each species, the growth rate at M c without extrapolating beyond the range of 5 sizes observed for any species. 6 7
Fitting growth curves 8
Because of the nature of the data, we fitted different functional forms to different data sets. 9
For all studies except one (sand-dune annuals -see Appendix 2) we fitted growth curves in R 10 using either non-linear mixed-effects models where models required both fixed and random 11 effects (nlme) or non-linear standard regression models where no random effect was required 12 (gnls). When repeated measures were made on individuals, plant identity was included as the 13 random effect (see Pinheiro where M c is the common reference mass. Power-law growth curves were fitted to studies 10 where single individuals were grown in large pots (studies G, I and J) and there was little 11 evidence of an approach toward an asymptote. Where mass was analyzed on the original 12 scale, the variance was modeled as a power-function of the mean, using the function 13
varPower. The remaining fitted functions first required log-transformation of the response 14 variable (i.e. mass or size), but the same general principles apply. 15 
16

Comparison of RGR and SGR 17
Once we had values of both RGR and SGR for each species we carried out an analysis of 18 covariance and a mixed-effects model analysis (Pinheiro and Bates 2000) on the log-19 transformed growth rates. We used both types of analysis because statistical inference is 20 simpler for analysis of covariance (Bolker et al. 2009 ), but this analysis does not allow us to 21 partition the variance in slopes due to the grouping variables (e.g. life-form, co-occurrence 22 and life-span). Average slopes were calculated from the analysis of covariance model usingcontrasts. We carried out Spearman rank correlations on SGR and RGR values obtained from 1 each study to see whether or not the rankings of species with respect to growth rate is affected 2 by the choice of growth rate methodology. 3 
4
Results
5
In the analysis of covariance there was a 3-way interaction (F 9,182 = 2.87, P < 0.003; Fig 2) 6 between growth metric (RGR vs. SGR), study, and ln(seed mass). As expected, the average 7 slope of the relationship between ln(RGR) and ln(seed mass) was negative (average slope = -8 0.10, t = -4.39, df = 182, P < 0.00002) while the average slope between ln(SGR) and ln(seed 9 mass) was non-significant (average slope = 0.035, t = 1.61, df = 182, P >0.10). 10
In agreement with the analysis of covariance the mixed model analysis indicated the 11 need for study-specific intercepts and slopes (random slopes and intercepts vs. random 12 intercepts model:
; P < 0.0002). To try to understand why different studies 13 Finally, Spearman rank correlations within each of the ten data sets revealed that RGR 22 was correlated with SGR in only two studies, both of which were perennial grasses: study G 23 ( = 0.6, P = 0.048, n = 9, 1-tailed test); and study H ( = 0.42, P = 0.030, n = 21, 1-tailed 24 test). In the remaining eight data sets there was no significant positive correlation betweenRGR and SGR. This indicates that in most studies, RGR cannot be used as a surrogate for a 1 size-standardized growth rate. negative relationships between SGR and seed size were commoner for long-lived plants, 5 suggesting that in more competitive communities, small-seeded species have higher SGR. An 6 SGR advantage can arise in several ways; for example, SGR, like RGR, can be expressed as 7 the product of net assimilation rate (NAR), specific leaf area (SLA) and leaf mass ratio 8 (LMR) and higher values of any of these components will lead to higher values of SGR. 9
Several studies have demonstrated direct negative correlations between seed size and SLA 10 (e.g. Maranon and Grubb 1993) , suggesting a direct link between seed size and leaf 11 construction parameters. However, it is important to remember that these parameters are also 12 size-dependent: for example, a single sheet of ordinary paper can be held rigid by the corner, 13 while the same-sized piece of tissue paper cannot. Thus, small-seeded species, which 14 generally produce seedlings with small leaves, can potentially produce leaves with higher 15 SLA than larger ones. This means that studies hoping to understand interspecific differences 16 in NAR, SLA and LMR also need to correct for size . 17
18
SGR vs RGR 19
If RGR and SGR are often uncorrelated, which is more appropriate? Clearly the fact that 20 small-seeded plants have a general RGR advantage because of their small size is important 21 when considering the occupation of newly-disturbed habitats, and may indeed contribute to a 22 competition-colonization trade-off (Tilman 1994 ) or a successional niche (Pacala and Rees 23 1998 ) and these in turn could be important coexistence mechanisms. However, if the goal is 24 to understand the mechanisms that underlie differences in individual plant growth rates, then 25 SGR is more revealing. Differences in SGR must be due to differences in its underlyingcomponents (NAR, SLA, LMR) rather than simply a consequence of comparing species of 1 different sizes. Clearly, comparisons could also be carried out at a particular life-history stage 2 if that were of particular interest, however, as species at a similar life-history stage may have 3 very different masses and/or ages, these effects should also be considered in the analysis. 4 
5
Conclusions 6
The widespread negative relationship between seed mass and RGR reported in the literature 7 can be generated with no differences in species-specific biology other than differences in seed 8 mass. Hence, SGR needs to be calculated in order to understand whether or not small-seeded 9 species possess additional adaptations for rapid growth. Across our data sets, no such general 10 relationship between seed mass and SGR exists, although our results suggest that life-span 11 could be a useful predictor of the direction of this relationship. The results presented here call 12 for a re-evaluation of the links between seed and seedling traits, plant size and growth rates, 13 which could lead to a significant shift in our understanding of how seed mass and growth 14 rates have co-evolved in different plant communities. lived species is likely to be higher, the same general curve would apply for any value of α < 1. 6
The dotted line in B) shows the population growth rate with a 5% reduction in β, (β = 0.095). 
